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Abstract 
To achieve knowledge of the effects of broaching to the component and the influence to subsequent process steps, broaching 
experiments have been carried out on case hardening steel SAE 5120 using different tools and cutting speeds up to 50 m/min with 
use of cooling lubricant and in dry machining. The process forces were analyzed and the resulting surface was examined using X-
ray diffraction and roughness testers. High cutting speeds lead to low cutting forces but high residual stresses. An influence of the 
varied parameters and machining conditions to the surface quality was not detected. 
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1. Introduction 
Broaching is a metal cutting manufacturing process 
using a multiply edged tool to achieve high removal 
rates. All single cutting edges are arranged in a row and 
each edge is stepped by the offset h which corresponds 
to the cutting thickness. So the feed is integrated within 
the tool and allows creating complex geometries on 
inner or outer surfaces within one translatoric working-
stroke. High surface quality and accuracies up to IT7 can 
be achieved. Due to its high tooling costs broaching is 
used in mass production or in cases where complex 
geometries cannot be produced by rotating tools or 
workpiece geometries. Usual cutting speeds in industrial 
processes are vc = 2 – 12 m/min using generally high-
speed-steel broaches. Due to the high tooling costs and 
the fact, that most of the cutting parameters are already 
defined in tool design, there is only little information in 
literature about the effects of broaching to surface layer 
conditions after machining. Some work in formation of 
cutting forces at low cutting speeds between 
vc = 0.5 m/min and vc = 22 m/min was reported from 
[1-5]. The induced residual stresses by a single 
burnishing tooth in broaching were described for 
different materials by [6]. The influence of vibrations 
induced by the broaching process to the surface resulting 
i.e. in chatter marks is presented in [7]. Deviation of the 
surface from the theoretical profile, burr formation and 
chatter marks were investigated using process 
monitoring by [8]. For broaching Titanium other surface 
anomalies like smearing effects or scoring were 
described in [9]. 
When considering the manufacturing process of a 
component as a whole the influence of a single 
production step has to be determined to gain best results 
for the finished part. The considered process chain 
consists of soft- and hard-machining accomplished by 
broaching with an intermediate heat treatment step. 
Therefore, it is essential to obtain knowledge about the 
effects of single process steps (as broaching) on the 
component condition to set up the desired final 
component state after the last machining step. Broaching 
at cutting speeds higher than vc = 25 m/min and its 
effects to subsequent manufacturing steps were not 
published yet. In this paper, the influence of different 
process parameters like coating of the tool, offset or the 
use of lubrication fluid at different cutting speeds up to 
vc = 50 m/min to the resulting surface condition is 
presented. After broaching, the workpiece surface 
condition was characterized by means of X–ray residual 
stress analysis and surface roughness testing. Chip 
analyses complete the results. 
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2. Materials and Methods 
2.1. Broaching 
Broaching experiments were conducted on an internal 
broaching machine type Karl Klink RISZ 100/1600/500 
that was modified to perform off-site-broaching. The 
clamping device was mounted on a Kistler type Z 10440 
three component dynamometer installed on the support 
plate. The clamping device supports feeding and 
clamping the test piece as well as guiding and bearing 
the off-site broach. Three Kistler Type 5015 Charge 
Amplifiers were used to convert the dynamometer 
charge output to a voltage signal that was finally 
recorded. A rectangular test piece made from case 
hardening steel SAE 5120 (European grade: 20MnCr5) 
with dimensions of 50 x 19 x 9 mm³ was prepared from 
bar material. To remove microstructure inhomogeneities 
from prior rolling and machining, the test pieces were 
normalized at 880 °C for one hour with a subsequent 
isothermal aging at 650 °C for 30 minutes right after 
final milling. The industrial set of cutting parameters at 
cutting speeds of vc = 7 m/min and vc = 10 m/min with 
use of cooling lubricant Cutmax UP8-27 has been 
extended to cutting speeds up to vc = 50 m/min and in 
dry machining as well. The different broaching 
parameters explored are given in Table 1. 











1-6 7-50 0.04 No TiAlN 
6-12 7-50 0.06 No TiAlN 
13-18 7-50 0.04 Yes TiAlN 
19-24 7-50 0.06 Yes TiAlN 
25-30 7-50 0.04 No AlCrN 
31-36 7-50 0.06 No AlCrN 
37-42 7-50 0.04 Yes AlCrN 
43-48 7-50 0.06 Yes AlCrN 
Two different broaches of high speed steel were used 
with the geometry given in Fig. 1 (right) and Table 2. 
Both broaches were coated with a TiAlN layer with a 
friction coefficient of μ = 0.3 which was devarnished 
after 24 sets of experiments and replaced by an AlCrN 
layer with friction coefficient of μ = 0.35 for further 24 
sets. 
Table 2: Tool Data 
 Broach 1 Broach 2 
number of teeth 3x88 3x58 
offset h [mm] 0.04 0.06 
 
Fig. 1: Test piece after broaching (left), broach geometry (right) 
The total chipping depth (depth of tooth) is 3.5 mm at 
a root/addendum space width of 3.42/4.88 mm and a 
pitch of 7.85 mm. The cutting edge radius was measured 
using a stylus instrument on different teeth. The values 
differ between 10 ± 3 μm. After each set of 7 
experiments the tools were reground, so there is no 
influence of wear. However wear is not scope of the 
herein presented investigation.  
To make the results of the force measurements 
comparable when using different tools, the specific 
cutting (normal) force was calculated using Equation 1 

















where Fc is the experimentally determined cutting 
force and Fcn the cutting normal force. The cutting 
section A consists of the undeformed chip thickness h 
and width of undeformed chip thickness b. To calculate 
the specific forces, a mean value over all 88 teeth (58 
teeth at h=0.06 mm, respectively) was calculated.  
2.2. Residual Stress 
The residual stresses in the ground of the broached 
groove were analyzed using X-ray stress analysis 
according to the sin²ψ-method [10]. By this means the 
effect of the broaching parameters on the local residual 
stress (distribution) near the surface was studied in the 
middle of the groove. Cr-Kα radiation was used to study 
the {211}-Į-ferrite diffraction lines at 2ș0=156.39° at 15 
different angles -45°  ψ  45°. The primary beam was 
formed using a pin hole collimator with nominal 
dimension of ø = 0.5 mm and a symmetrization slit was 
used in front of the detector [11]. The interference lines 
were fitted using a Pearson VII function and for stress 
calculation the X-ray elastic constants 
½s2 = 5.82⋅10-6 MPa-1 and s1 = -1.27⋅10-6 MPa-1 were 
applied. Due to the geometry of the broached teeth the 
measuring point in the ground of the groove was 
difficult to access. During tilting of the sample with 
respect to the incident X-ray beam a shadowing occurs 
and the applicable ȥ-tilts are extremely limited. This 
shadowing is much greater when measuring the residual 
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stress component transverse to the broaching direction 
than when measuring the component in broaching 
direction. Only the residual stress component along 
broaching direction is accessible in our experiment 
covering ψ-tilts in the range -45° < ψ < 45°. This is due 
to the ratio of tooth depth and width and can be assumed 
being sufficient for X-ray stress analysis according to the 
sin²ψ - method as recommended in [12]. To consider 
measuring errors and charge scattering, residual stress 
analyses were carried out at 20 samples per parameter 
variation. Presented data are weighted average, i.e. for 
the calculation of the mean value every single 
measurement is weighted by its error value and the 
corresponding error was determined using error 
propagation. 
2.3. Surface Roughness and Chip Analysis 
The achieved surface roughness was measured 
perpendicular to broaching direction using a stylus 
instrument type Concept Contur PST-MSE with a stylus 
type PCV 350-M /59 mm. The scan length was set to 
2 mm at a scanning speed of 0.67 mm/sec. A mean value 
was calculated from six measurements per part, at the 
tool entrance/emersion side at each groove, respectively. 
After broaching the chips were collected, embedded, 
polished and analyzed using a Carl Zeiss Stemi SV11 
light-optical microscope with an AxioCamHRC digital 
camera.  
3. Results 
3.1. Cutting Forces 
When using lubrication fluid the highest values of 
specific cutting forces can be detected with both AlCrN 
coated tools at industrial standard process parameters at 
cutting speeds of vc = 7 m/min (2356 ±101 MPa at an 
offset h = 0.04 mm and 1986 ±115 MPa at h = 0.06 mm, 
respectively) and vc = 10 m/min (2356 ±36 MPa at an 
offset h = 0.04 mm and 1988 ±13 MPa at h = 0.06 mm, 
respectively). Using TiAlN coated tools the specific 
cutting forces at vc = 7m/min with 1655 ±62 MPa 
(h = 0.04 mm) and 1530 ±266 MPa (h = 0.06 mm) 
appear to be lower but slightly increase when a cutting 
speed of vc = 10 m/min is applied. Fig. 2 shows how a 
change of the cutting speed affects the formation of 
specific cutting and cutting normal forces. As expected, 
the cutting forces decrease with increasing cutting 
speeds, leveling out between 1200 MPa and 1600 MPa 
from cutting speeds vc = 20 m/min and higher. This 
trend was roughly independent of coating and offset 
selection. 
 
Fig. 2: Specific cutting forces and specific cutting normal forces using 
lubrication fluid Cutmax UP8-27 
At low cutting speeds the specific cutting forces are 
controlled by temperature development and friction. 
With increasing cutting speeds the strain rate 
dependency comes into account so that after an optimum 
between vc = 20 - 30 m/min the specific cutting forces 
increase again. No significant influence of the cutting 
speed on formation of the specific cutting normal force 
was detected. Whereas the higher friction coefficient of 
the AlCrN-coating compared to the TiAlN-coating has 
an influence, though. Further, the results indicate that a 
higher friction coefficient leads to higher specific cutting 
(normal) forces and higher values of the offset lead to 
lower specific forces. This effect is also independent of 
the cutting speed applied. In dry machining, the highest 
specific forces can also be detected at low cutting 
speeds. In contrary to the use of lubrication fluid, there 
was a significant increase of the specific cutting forces 
in dry machining: The experiments at vc = 7 m/min 
using the AlCrN-coated tools showed an increase in the 
specific cutting (normal) forces of about 40.2 % 
(h = 0.04 mm) and 36.8 % (h = 0.06 mm), respectively. 
Using the TiAlN-coated tools, an increase of +73.8 % at 
an offset of h = 0.04 mm and +35.8 % when using an 
offset of h = 0.06 mm can be achieved. 
 
Fig. 3: Specific cutting forces and specific cutting normal forces in dry 
machining 
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Again, the specific forces decrease with increasing 
cutting speeds. For cutting speeds vc = 20 m/min and 
higher, the cutting forces level out at values between 
1400 MPa and 1800 MPa. For high cutting speeds no 
significant influence of cutting speed on the formation of 
cutting normal forces, which slightly decrease with 
increasing cutting speeds (Fig. 3) can be observed. 
3.2. Residual Stresses 
The corresponding stress states emerging from 
broaching using lubrication fluid are shown in Fig. 4. In 
all cases tensile residual stresses were determined at the 
subsurface. The residual stresses (continuous lines) 
increase with increasing cutting speeds, where higher 
values are reached using tools with higher offset values. 
The stress states range from 200 MPa to 300 MPa. The 
maximum residual stress of 438 MPa is reached using a 
cutting speed of vc = 50 m/min. The formation of 
residual shear stress (dashed lines) starts at low cutting 
speeds of vc = 7 m/min between 49 MPa and 72 MPa, 
rising to 154-169 MPa at cutting speeds of 
vc = 50 m/min. Except for the values using the TiAlN-
coated broach at an offset of h = 0.06 mm and high 
cutting speeds the residual shear stresses are very low 
and develop slightly crossing the zero-level. No 
significant influence from offset or from the coating can 
be detected. A similar characteristic can be detected in 
dry machining shown in Fig. 5: At cutting speeds of 
vc = 7 m/min the residual stresses develop from 
203 MPa – 257 MPa to a maximum of 517 MPa using 
the TiAlN-coated broach with an offset of h = 0.04 mm. 
All other combinations of tool- and process parameters 
lead to residual stress states between 163 MPa and 
334 MPa at which a slight decrease of the residual stress 
at high cutting speeds can be detected. The residual 
shear stresses increase with increasing cutting speeds. 
The combination of tool parameters thereby has no 
influence. 
 
Fig. 4: Residual stress and shear stress states on the broached surface 
for different process parameters machined with lubrication fluid  
 
Fig. 5: Residual stress and residual shear stress states on the broached 
surface for different process parameters in dry broaching  
For residual stress formation mechanical and thermal 
effects play an important role. While mechanical effects 
result more likely in compressive residual stresses, 
thermal effects propagate the formation of tensile 
residual stresses [11]. The increasing residual stresses at 
increasing cutting speeds indicate that the lubrication 
fluid does not wet the process zone entirely and 
therefore more heat is lead into the workpiece when 
using cutting oil during broaching. In dry machining, 
there is also an increase of the residual stress state with 
increasing cutting speeds which hints that there are 
higher temperatures in the process zone. 
3.3. Chip Formation 
The chip analysis after broaching shows, that by use 
of cutting oil at all cutting speeds no influence of the 
coating can be detected. At cutting speeds of 
vc = 7 m/min the chip is closely rolled-up fitting close to 
the chipping space and widens with increasing cutting 
speeds (Fig. 6). The outer chip surface, which was in 
contact with the tool during the chipping process shows 
traces of built-up edges which can be detected when 
using both coatings. The chips presented in Fig. 6 show 
“hooks” at cutting speeds of 30 m/min and 50 m/min 
where the built-up edge was released from the tool and 
sticks on the chip. The broached surface also shows 
these hints of built-up edges as presented before by [13]. 
There were also many chips sticking to the tool right 
after the broaching stroke. This comes along with 
massive burr formation on the tool emersion side of the 
test pieces. When broaching without lubrication fluid, 
the coating´s influence to the process is clearly visible 
(Fig. 7). At all cutting speeds the TiAlN-coated broach 
leads to closely rolled-up chips. This leads to the 
conclusion that the heat transfer coefficient of the 
TiAlN-coating is higher than that of the AlCrN and 
therefore the process heat is lead into the outer chip 
surface only.  
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Fig. 6: Chip Formation – comparison of different coatings: TiAlN vs. 
AlCrN, h = 0.04 mm use of cutting oil 
 
Fig. 7: Chip Formation – comparison of different coatings: TiAlN vs. 
AlCrN, h = 0.04 mm in dry machining 
 
Fig. 8: Chip Formation – comparison of different offsets with AlCrN-
coating: h = 0.04 mm vs. h = 0.06 mm in dry machining 
At low cutting speeds the portion of heat generation 
by means of friction predominates heating the outer chip 
surface only leading to closely rolled up chips. High 
cutting speeds lead to more thermal influence by 
deformation in the shear zone warming the entire chip. 
The portion of friction generated heat is little so chip 
deformation is less. In dry machining no built-up edges 
were detected and there were nearly no burrs occurring 
on the test pieces. When comparing the different offset 
values, the differences in chip formation are shown in 
Fig. 8. All examined chips at three cutting speeds in dry 
machining show, that more deformation and therefore 
less heat was transferred to the chip when the offset h is 
smaller. There was no influence detected when 
broaching with lubrication so the generated heat was 
dissipated and was not transferred to the chip. 
3.4. Surface Quality 
The measured surface quality, Ra, after using different 
broaching tools in contrast to the cutting speed is 
displayed in Fig. 9. When using lubrication fluid the 
surface roughness did not change significantly as the 
coating or the offset was varied. As the cutting speed 
was increased, the mean roughness value decreased 
slightly. However, in dry machining the coating, as well 
as the offset have a significant influence to the surface 
quality. The best surface quality at all cutting speeds can 
be achieved using the AlCrN-coating at h=0.06 mm. The 
generally poor surface quality is due to the annealing 
process of the test pieces which made the material very 
ductile. This leads to adhesion, rupture and “smearing-
effects” leaving a dull surface and therefore to the wide 
spread of results. 
 
 
Fig. 9: Achieved surface quality after broaching with use of cutting 
lubricant (top) and in dry machining (bottom) for varied cutting tools 
and cutting speeds 
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Axinte et al. [9] refers the smearing to blocked tooth 
gullets which facilitates jamming of chips. During this 
research blocked gullets have not been detected. In 
broaching with lubrication fluid, chips attached to the 
cutting edge, especially at the last teeth machining the 
final surface were detected, though. It cannot be 
excluded that these chips were in contact with the 
machined surface and generated the partial smearing. 
4. Conclusion 
The main objective of the study was to identify the 
effects of broaching SAE 5120 with different tools at 
five different cutting speeds from vc = 7 m/min to 
vc = 50 m/min on surface layer conditions of the 
machined parts. The component conditions after 
broaching will affect subsequent manufacturing 
processes and therefore had to be determined.  
Increasing cutting speeds lead to decreasing cutting 
forces in cutting direction. The results indicate a high 
influence of the cutting forces on the development of the 
residual stress state at the machined surface: In all cases 
tensile residual stresses were determined after broaching. 
With increasing cutting forces the tensile residual 
stresses decrease. The residual shear stresses decrease 
with increasing forces, too.  
The results also indicate that there is an advantage of 
using cooling lubricant at low cutting speeds and that 
there is no significant influence at higher cutting speeds. 
On the other hand built-up-edges emerge when using 
cooling lubricant. Further can be seen, that there are 
decreasing cutting forces with an increasing chipping 
thickness with lowest values using the TiAlN coating.  
The chip formation shows, that there is a better heat 
transfer to the chip at high chipping thickness and with 
use of the AlCrN coating. An influence of the varied 
parameters and machining conditions to the surface 
quality cannot be detected. 
Broaching at high cutting speeds and in dry 
machining leads to least cutting forces and also has 
advantages in tool wear behavior as described by [14]. 
Overall costs of providing, care and disposal of the 
lubrication fluid can be saved, too. The influence of the 
generated residual stress states is subject of further 
investigations optimizing the whole process chain. The 
subsequent process step after soft broaching is case 
hardening of the components. After case hardening the 
distortion of the components due to partial release of the 
residual stresses induced by broaching will be analyzed. 
Subsequently a hard broaching process will be applied to 
remove possible distortion on one hand and to place 
compressive residual stresses to the surface to enhance 
i.e. fatigue life. Further, the surface quality can be 
increased. 
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